ABSTRACT Ultraconserved elements in the human genome likely harbor important biological functions as they are dosage sensitive and are able to direct tissue-specific expression. Because they are under purifying selection, variants in these elements may have a lower frequency in the population but a higher likelihood of association with complex traits. We tested a set of highly constrained SNPs (hcSNPs) distributed genome-wide among ultraconserved and nearly ultraconserved elements for association with seven traits related to reproductive (age at natural menopause, number of children, age at first child, and age at last child) and overall [longevity, body mass index (BMI), and height] fitness. Using up to 24,047 European-American samples from the National Heart, Lung, and Blood Institute Candidate Gene Association Resource (CARe), we observed an excess of associations with BMI and height. In an independent replication panel the most strongly associated SNPs showed an 8.4-fold enrichment of associations at the nominal level, including three variants in previously identified loci and one in a locus (DENND1A) previously shown to be associated with polycystic ovary syndrome. Finally, using 1430 family trios, we showed that the transmissions from heterozygous parents to offspring of the derived alleles of rare (frequency #0.5%) hcSNPs are not biased, particularly after adjusting for the rates of genotype missingness and error in the data. The lack of transmission bias ruled out an immediately and strongly deleterious effect due to the rare derived alleles, consistent with the observation that mice homozygous for the deletion of ultraconserved elements showed no overt phenotype. Our study also illustrated the importance of carefully modeling potential technical confounders when analyzing genotype data of rare variants.
R EFERENCE genome alignments of multiple distantly related species have identified thousands of elements that are 98-100% identical (Bejerano et al. 2004; Derti et al. 2006; Chiang et al. 2008; Stephen et al. 2008) . These ultraconserved or nearly ultraconserved elements are expected to harbor important biological functions as they are dosage sensitive (Derti et al. 2006; Chiang et al. 2008) , are enriched in or near specific classes of genes (Bejerano et al. 2004) , and are under purifying selection (Drake et al. 2006; Chen et al. 2007; Katzman et al. 2007; Sakuraba et al. 2008) . Indeed, a number of reports have demonstrated the ability of intergenic and intronic highly conserved elements to direct tissue-specific expression (Woolfe et al. 2005; McEwen et al. 2006; Pennacchio et al. 2006; Ahituv et al. 2007; Paparidis et al. 2007; Visel et al. 2008) . As such, DNA sequence variants within highly conserved elements may have a higher likelihood of being associated with phenotypic traits, particularly if examined directly within suspected disease genomic regions (such as under linkage peaks, near candidate genes, or within genetic association loci defined by linkage disequilibrium).
Although comparative genomic approaches comparing human sequences to orthologous sequences have successfully identified variants in noncoding enhancer regions that contribute to the pathogenesis of complex human diseases [e.g., for Hirschsprung disease (Emison et al. 2005) ], such investigations have mostly been limited to candidate gene studies. A recent evaluation of the types of variants reported by genome-wide association (GWA) studies showed some enrichment of trait-associated variants in conserved sequences (Hindorff et al. 2009 ), suggesting the potential utility of systematically screening variants in conserved sequences. Moreover, functionally important variants among conserved elements have not been as well assayed in recent GWA studies as they are expected to be of lower frequency in the population. Indeed, prioritizing variants on the basis of evolutionary constraint has been shown to narrow down the potential causal variant to Mendelian disease in resequenced exome data (Cooper et al. 2010) . Therefore, it may be useful to directly genotype variants within extremely constrained regions in large cohorts to assess genotype-phenotype correlations.
In such genotype-phenotype correlations, however, no a priori hypothesis predicts which specific phenotypes might be affected. Despite the assumed importance of these extremely highly conserved elements, mice heterozygous or homozygous for a deletion of any of four nonexonic ultraconserved enhancers appeared to be phenotypically normal, with normal viability and fertility (Ahituv et al. 2007 ). This observation suggests that the effects of altering these highly conserved elements may affect fitness across generations (i.e., reproductive fitness) but that effects on individual organisms may be subtle enough that they are not apparent in a laboratory setting (Derti et al. 2006; Ahituv et al. 2007 ). Because of this possibility, we decided to examine the association of SNPs in ultraconserved and nearly ultraconserved elements (collectively denoted as nUCEs) genome-wide with various phenotypes related to long-term reproductive and overall fitness in human populations. Specifically, we examined the number of children, age at birth of first child, age at birth of last child, and age at natural menopause as phenotypes representative of reproductive fitness. In addition, we also examined longevity and anthropometric traits such as body mass index (BMI) and height as examples of overall fitness, as they may reflect the general nutritional status and well-being during childhood or adulthood. Furthermore, the availability of family data in our cohort provided an alternative approach to test the hypothesis that nUCEs, collectively, are currently under strong purifying (negative) selection. Thus, we also examined the likelihood of the transmission from heterozygous parents to offspring of the derived allele of nUCE SNPs, as an additional measure of the purifying selective pressure reported for these highly conserved regions.
We used the Candidate Gene Association Resource (CARe) established by the National Heart, Lung, and Blood Institute (NHLBI) Lettre et al. 2011) as the study population to test our hypothesis. CARe is a consortium involving planned genetic analysis across nine NHLBI cohorts and encompasses cohorts with population-, community-, family-, and hospital-based designs. Each CARe cohort contains an extensive catalog of phenotypic data, and together .32,000 self-identified European-American subjects were genotyped with a cardiovascular gene-centric 50K Illumina Human CVD array (the ITMAT-Broad-CARe, or "IBC", chip) designed to densely map 2000 candidate gene loci (Keating et al. 2008; . Additionally, 816 SNPs within all genomic elements with $98% conservation genome-wide were included on the IBC chip to screen variants in highly conserved regions for their association with a variety of phenotypes (Derti et al. 2006; Chiang et al. 2008; Keating et al. 2008) .
In the present study, we first identified a subset of the 816 SNPs in nUCEs that appear to be under strong evolutionary constraint [N = 533, which we refer to as highly constrained SNPs (hcSNPs)]. We then examined the association of hcSNPs with phenotypes of reproductive fitness and overall fitness described above and followed up the best associated SNPs in an additional .100,000 replication samples from the GIANT consortium (Lango Allen et al. 2010; Speliotes et al. 2010) . Of the 19 hcSNPs followed up, eight variants replicated at the nominal level, including three variants that lie within BMI and height loci previously identified in GWA studies (Lango Allen et al. 2010; Speliotes et al. 2010) . The strongest association outside of previously known loci is an intronic SNP in DENND1A. Although this variant's association to BMI did not survive Bonferroni correction for the number of SNPs/trait pairs followed up, it has been previously shown to be associated with polycystic ovary syndrome .
Finally, as a class, we found an apparent trend toward undertransmission of the derived allele of rare (frequency #0.5%) hcSNPs in 1430 family trios. However, through simulations we demonstrated that proper modeling of the rates of genotype missingness and error can account for the observed undertransmission. Our results suggest that rare derived alleles of hcSNPs assayed here do not exert an immediate or strong deleterious effect on survival and illustrate the importance of considering technical artifacts in genetic analysis of rare variants.
Materials and Methods

Identification of hcSNPs and their derived alleles
A total of 816 SNPs within genomic elements with $98% conservation genome-wide were included on the IBC chip (Keating et al. 2008) . These regions were identified as sequences at least $200 bp with at least 98% sequence identity within human-mouse-rat, human-mouse-dog, and human-chicken alignments (Derti et al. 2006; Chiang et al. 2008; Keating et al. 2008) . For each of these SNPs, we obtained the corresponding allele from chimpanzee (panTro2), orangutan (ponAbe2), and macaque (rheMac2) from the University of Califronia at Santa Cruz (UCSC) Genome Bioinformatics site (http://genome.ucsc.edu). We required that alleles from at least two of the three primate species be available and consistent to designate the primate allele as the ancestral allele and the other human allele as the derived allele. SNPs representing potential multiple mutational events and SNPs with potential strand issues were removed. In total, the derived allele could be definitively assigned for 782 of 816 SNPs in nUCEs.
To narrow our focus to SNPs truly under strong evolutionary constraint, we used the chimpanzee allele as the reference and for each SNP calculated the rate of substitution when the allele was aligned to other species available from the vertebrate 44-way multialignment and conservation track from the UCSC Genome Bioinformatics site (Rhead et al. 2010) . After removing alignments from species that were used to bioinformatically identify the nUCEs [i.e., human, hg18; mouse, mm9; rat, rn4; dog, canFam2; and chicken, galGal3 (Derti et al. 2006; Chiang et al. 2008) ], a conservation score was assigned to each SNP as 1 -(N SUB /N TOT ), where N SUB is the number of substitution events (relative to the chimpanzee allele) observed from the alignment of all remaining species, while N TOT is the number of species aligned. SNPs with conservation scores .0.9 were defined as hcSNPs, with 577 of 782 SNPs meeting this definition. We note that this approach is not the only approach for estimating the level of evolutionary constraint on each SNP; alternative approaches such as using the phyloP program (Pollard et al. 2010) could be just as reasonable. We chose to use a straightforward substitution scheme to be consistent with the definition of the UCE regions we used (Derti et al. 2006; Chiang et al. 2008 ), but our conservation scores here are highly correlated with scores produced by phyloP (r = 0.72, data not shown).
Of the 577 hcSNPs, 533 hcSNPs were successfully genotyped and passed quality-control filters in at least one of our study populations, 511 of which were polymorphic in at least one of our study populations (Supporting Information, Table S1 ) and formed the basis of most of our analyses. Because of the stringent conservation cutoff, the minimum lower bound of the 95% confidence interval around the conservation score for any of these SNPs is still .0.7 ( Figure S1 ).
Association analysis
For all cohorts, cryptically related individuals (for the nonfamily-based cohorts) and population outliers as determined by principal components analysis were removed from analysis. Unrelated panels [Atherosclerosis Risk in Communities (ARIC), Coronary Artery Risk Development in Young Adults (CARDIA), Cardiovascular Health Study (CHS), and MultiEthnic Study of Atherosclerosis (MESA)] were analyzed in the following manners. For number of children, we analyzed the discrete trait using Poisson regression, controlling for overdispersion using the generalized linear model in R. Longevity was analyzed as a dichotomous trait by logistic regression using PLINK v.1.07 (http://pngu.mgh.harvard. edu/~purcell/plink/). The remaining traits were analyzed as continuous traits with the linear regression function using PLINK. In all cases, we assumed an additive genetic model and included the top 10 principal components in the analysis as covariates, to control for potential spurious associations due to population stratification (Price et al. 2006; McCarthy et al. 2008) or other systematic biases that may be associated with the individual genotypes. The principal components were distributed by the CARe consortium. Briefly, the HapMap CEU, YRI, and CHB+JPT populations, also genotyped on the IBC chip, were used as reference populations with the CARe cohorts. One cohort at a time, the principal components were calculated using the smartpca utility implemented in EIGENSTRAT v3.0 (http://genepath. med.harvard.edu/~reich/Software.htm).
In addition, variation among traits related to reproductive fitness is likely to be influenced by additional nongenetic factors such as sociocultural or economic status (Pluzhnikov et al. 2007) . Therefore, to begin to account for including individuals who may not have realized their true reproductive potential, we have included additional nongenetic factors either as inclusion criteria for the study or as covariates in the association model, where appropriate. These include gender, age, study site, marital status, birth control use, education level, family income, history of hysterectomy or ovariectomy, etc. Please refer to File S1 and Table S2 for more detailed descriptions of phenotype and covariate definitions.
All traits other than the number of children were also analyzed in the related panels [Cleveland Family Study (CFS) and Framingham Heart Study (FHS)], using the GWAF package (Chen and Yang 2010) . Longevity, as a dichotomous trait, was analyzed using the generalized estimating equations (GEE) routine in GWAF; the remaining continuous traits (age at natural menopause, age at first child, age at last child, BMI, and height) were analyzed using the linear mixed-effects (LME) routine in GWAF.
We focused our association analyses on the hcSNPs as defined above to specifically test the hypothesis that these highly constrained variants are associated with traits related to reproductive and overall fitness. The genome-wide screening of all 50K variants on the IBC chip for traits such as age at menopause, BMI, or height will be the subject of other investigations stemming from the CARe consortium. For each trait, association testing was conducted within each cohort before meta-analysis, using the inverse variance weighting (fixed-effect) method implemented in Metal (February 2009 release) (http://www.sph.umich.edu/csg/abecasis/Metal/ index.html).
Transmission distortion analysis
We used perfect trio data available in the FHS to test for transmission distortion of autosomal hcSNPs. For each hcSNP, we counted the number of times the derived allele was transmitted to the offspring from heterozygous parents, while keeping track of the parent of transmission origin, and summed the counts over all available trios. In the case of two heterozygous parents and a heterozygous offspring, the single derived allele transmitted was counted as half a transmission each to the paternal and the maternal lineage, as we could not be certain of the parental origin in this case. Multiple siblings were treated as separate trios. To describe the degree of under-or overtransmission, we calculated the average proportion of derived allele transmission as the number of derived allele transmissions divided by the total number of transmissions, averaged over all SNPs with at least one informative transmission. To test for distortion in transmission, the number of derived allele transmissions was compared to that of the ancestral allele transmissions by a paired t-test, testing the null hypothesis that the number of derived allele transmissions should equal that of the ancestral allele transmissions. Paternal and maternal transmissions were analyzed separately for parent-of-origin effects and summed for overall transmission effects.
Estimate of the empirical genotype missing rate for homozygous and heterozygous individuals Differential rates of genotype missingness between homozygous and heterozygous individuals can lead to the appearance of transmission distortions (Hirschhorn and Daly 2005) . For instance, a comparatively greater rate of missing genotypes among individuals heterozygous for a rare SNP would preferentially remove trios transmitting the minor allele from the analysis, resulting in an apparent undertransmission of the minor allele.
We sought to estimate and test whether the rate of genotype missingness is the same between the two classes of individuals. We first define T 1 and T 2 as the total number of offspring genotypes from the mating types AA · AA (i.e., both parents are homozygous for the common allele) and AA · AB (i.e., one of the parents is heterozygous), respectively. We also define M 1 and M 2 as the number of observed missing genotypes in the offspring from mating types AA · AA and AA · AB, respectively. Then, the number of missing genotypes among AA offspring is M 1 þ M 1 T 2 =2T 1 , and the number of missing genotypes among AB offspring is M 2 2M 1 T 2 =2T 1 , as half of the offspring from mating types AA · AB will result in an AA offspring. When tabulated over genotypes at 5180 SNPs with minor allele frequency (MAF) # 0.005 from the 1430 trios from the FHS, there were 7,370,925 called genotypes and 3746 missing genotypes for the AA offspring, for a missing genotype rate of 5.1 · 10 24 ; there were 18,067 called genotypes and 243 missing genotypes for the AB offspring, for a missing genotype rate of 0.013. The difference is significant (P , 2 · 10 216 by x 2 -test with 1 d.f.). Genotypes at which either or both of the parents are missing were not analyzed. Genotypes for BB offspring were also not analyzed; the estimated missing rate of 0.013 for heterozygous individuals was also applied for individuals homozygous for the rare allele in the simulation (see below).
Simulation to estimate g and h
In addition to differential rates of genotype missingness, differential rates of genotyping error for homozygous and heterozygous individuals could also lead to the appearance of transmission distortion (Gordon et al. 2001; Mitchell et al. 2003) . For example, a parent with genotype AB erroneously called as AA could result in removing the trio from the analysis due to Mendelian inconsistencies while an offspring with genotype AB erroneously called as AA would result in the apparent overtransmission of the common allele.
To estimate the error rate most consistent with our observed data in the FHS, we adopted a two-parameter error model (Douglas et al. 2002) : g, the probability of a homozygous genotype incorrectly called as a heterozygote, and h, the probability of a heterozygous genotype incorrectly called as a homozygote. For each pair of g-and h-values, we simulated genotypes at 5180 rare variants with the same allele-frequency spectrum as that observed in the FHS, while maintaining the nuclear family structure. After parental genotypes were simulated, each offspring inherits either of the parental alleles with equal probability (i.e., no transmission distortion). After all genotypes were simulated, each genotype was randomly assigned as missing with probability equal to the estimated rate of missing genotype, depending on the simulated genotype. If the genotype was not missing, then the genotype was recoded with probabilities g and h, depending on the simulated genotype. Under our error model, if an AB genotype was recoded, it was recoded as AA or BB with equal probability.
For each pair of g and h, 100 simulations were conducted. The distribution of the number of Mendelian errors for each round of simulation was compared to the observed distribution (5117 SNPs with zero Mendelian error, 35 with one error, 18 with two errors, 5 with three errors, and 5 with four or more errors), using Pearson's goodness-of-fit test. The pair of values that produced the lowest median x 2 -test statistics among the 100 simulations was deemed as the pair most consistent with the observed data.
The effect of genotype missingness, genotyping errors, and selection on transmission distortion
To determine the effect of genotype missingness, genotyping errors, and selection on transmission distortion, we simulated genotype data for a perfect trio in the same manner as described above. The simulated genotype data were then subjected to the same transmission distortion analysis also described above. The process was then iterated to obtain a distribution of the average proportion of the derived allele or the minor allele transmission.
To determine the effect on transmission due to technical artifact, we simulated genotype data, assuming the empirically estimated rates of genotype missingness and genotyping error, and assumed no transmission distortion. Genotypes at 5180 SNPs were simulated 100 times each.
To estimate the strength of selection experienced by the rare hcSNPs in our data, we used the same simulation scheme but assumed transmission distortion depending on the selection coefficient, s. We assumed AA individuals to have a relative fitness of 1 and AB individuals to have a relative fitness of 1 + s. Then, the probability of transmitting the B allele is (1 + s)/(2 + s). We tested a range of s, from 0.02 to 20.04; for each s, we simulated 1000 sets of genotype data at 49 SNPs [the number of hcSNPs with derived allele frequency (DAF) # 0.005 in the FHS] and calculated the likelihood of observing the degree of transmission distortion in the FHS (0.494) given the distribution of the expected proportion of derived allele transmission.
Results
Identifying hcSNPs among variants found in highly conserved regions
A total of 816 SNPs within genomic elements with $98% conservation genome-wide [94% of all polymorphic SNPs in HapMap phase 2 (International HapMap Consortium et al. 2007)] were included on the IBC chip (Keating et al. 2008) . Among them, we were able to definitively determine the derived allele on the basis of sequence alignment to the chimpanzee, orangutan, and macaque genomes for 782 SNPs (Materials and Methods). As some SNP sites may represent regions of relaxed evolutionary constraint within highly conserved elements, we sought to identify a subset of truly highly constrained SNPs for further analysis. Thus, for each SNP we calculated a conservation score across species, which is defined as the proportion of up to 44 vertebrate orthologous sequences in agreement with the chimpanzee reference allele (Materials and Methods). Most of the SNPs found in nUCEs are indeed highly constrained with a conservation score .0.9, although as a class the constraint appears slightly relaxed when compared to the immediately adjacent nucleotide (P = 1.1 · 10 27 by Wilcoxon's signed rank sum test, Figure S2 ). In total, 533 SNPs had a conservation score .0.9, hereafter referred to as hcSNPs. Notably, 9 hcSNPs have a derived allele frequency .90%, perhaps reflecting variants that offer some form of adaptive advantage ( Figure S3 ); for the purposes of this study, these SNPs were neither singled out nor removed from analysis. In total, 511 hcSNPs were polymorphic in at least one of the CARe cohorts and formed the basis of all subsequent analyses.
Association of hcSNPs with traits related to reproductive and overall fitness
We examined a total of seven phenotypes related to reproductive and overall fitness (number of children, age at first child, age at last child, age at natural menopause, longevity, BMI, and height) in European-American individuals from the CARe cohorts. Number of children was analyzed as a discrete trait, using a Poisson regression. Longevity was analyzed as a dichotomous trait, with cases designated as individuals surviving past the age of 85 and controls designated as individuals not surviving past the age of 75. The remaining traits were analyzed as quantitative traits, using linear regression (see File S1). For each phenotype, up to six of the CARe cohorts were used in our analyses, with the largest sample sizes (and therefore the greatest power) available for height and BMI (Table 1) . Each cohort was analyzed separately, assuming the additive genetic model, correcting for nongenetic covariates (e.g., age, sex, oral contraceptive use, education level, etc.) when appropriate. Moreover, since spurious associations could result from population stratification, where the phenotype is correlated with genetic ancestry [such as height in Europe (Campbell et al. 2005 )], we also included the top 10 principal components as covariates in our analysis to help account for this potential confounding (Price et al. 2006; McCarthy et al. 2008) . Results were then combined via fixed-effect metaanalysis.
Across all phenotypes analyzed, the best evidence of association reached a meta-analysis P-value of 2.54 · 10 25 for height (Table 2 ). However, given that 500 SNPs were analyzed for each of seven phenotypes, the Bonferroni threshold for significance would be 1.4 · 10 25 . For each trait, we also calculated the proportion of nominally associated SNPs as a measure of excess association. A collective excess of nominal associations could be due to signals individually not strong enough to overcome multiple-hypothesis correction or to uncorrected population substructure or other sources of systematic bias. Under the null hypothesis of no association, 5% of the SNPs analyzed should be associated with the phenotype with P # 0.05. This was true for most of the traits analyzed here, with the exception of height and BMI, where 8-10% of the SNPs reached a P-value #0.05 (Table 2 ). This excess of lower P-values is consistent with the shape of the quantile-quantile plot for each trait as well. For BMI and height only, there are obvious departures from the expectation under the null hypothesis of no association (Figure 1 ). The lack of obvious associations with the reproductive traits and with longevity most likely reflects the lack of power in our panel and/or the lack of strong effects due to these hcSNPs (Table 1) . Additional panels that are many times larger than that analyzed here will be necessary to determine whether hcSNPs are more associated with these traits than random SNPs.
Since one would expect variants with large effects to be rare in the population, especially variants in nUCEs, we also analyzed our data set focusing solely on the 122 variants with an overall DAF # 0.005. To increase power to analyze these extremely rare variants, we scored each individual as either 0 (no derived alleles at any of the 122 variants) or 1 (having at least one rare derived allele). When the presence of one or more rare derived alleles was tested for association with normally distributed traits (BMI, height, age at natural menopause, age at first child, and age at last child), we observed no association (Table S3) . We also individually examined samples homozygous for at least one of these rare derived alleles, but none of these samples had extreme phenotypes with respect to any of the normally distributed quantitative traits ( Figure S4 ).
Replication of the top associated hcSNPs for BMI and height
Because of the excess of hcSNPs nominally associated with the anthropometric traits, we examined in more detail the 10 and 9 hcSNPs most strongly associated (P , 0.01) with BMI and height, respectively. To distinguish reproducible associations from chance associations among these hcSNPs, we attempted to replicate these findings by looking up their association P-values in data from the GIANT consortium, where a subset of the hcSNPs was either directly genotyped or imputed in .100,000 individuals from .40 cohorts for both BMI and height (we removed cohorts overlapping with CARe). The association results from the GIANT consortium had been corrected for the cohort-specific genomic inflation factor (Devlin and Roeder 1999) , l, before meta-analysis, and then again after meta-analysis to account for any residual stratification (Lango Allen et al. 2010; Speliotes et al. 2010) .
Among the 10 BMI hcSNPs, 4 SNPs reached a one-tailed P , 0.05 (Table 3) , including 2 SNPs near previously identified loci, FANCL and TFAP2B (Lindgren et al. 2009; Speliotes et al. 2010 ). An additional SNP, rs9463175, just missed the nominal significance threshold (Table 3) . Outside of previously identified loci, the hcSNP with the most significant P-value in the replication data set was rs10818872 (onetailed P = 0.00518), which lies in the gene DENND1A. Shown is the maximum number of samples analyzed for each phenotype in each of the CARe cohorts. The largest sample sizes were available for BMI and height. For age at natural menopause, number of children, age at first child, and age at last child only female participants were analyzed. NA, not available or not analyzed. a Family-based cohorts. For each phenotype analyzed, the best two-tailed meta-analyzed P-value, the number of SNPs reaching P , 0.05 (N P,0.05 ), total number of hcSNPs analyzed (N TOT ), and the proportion of SNPs reaching the nominal significance level (p P,0.05 ) are listed. Under the null, 5% of SNPs analyzed should reach nominal significance. BMI and height showed an excess in the number of hcSNPs nominally associated with the phenotype. For number of children, age at last child, and longevity, the hcSNP must have been analyzed in at least two of the three cohorts to be included in the meta-analysis; for the rest of the traits, the hcSNP must have been analyzed in at least three cohorts to be included in the meta-analysis. For age at natural menopause, number of children, age at first child, and age at last child, we have a strong prior hypothesis that the derived allele of hcSNPs should lower reproductive fitness. Analysis of one-tailed P-values for these traits to reflect the direction of our hypothesis showed no excess of nominally associated SNPs (data not shown). Figure 1 Quantile-quantile plots for all traits analyzed. In all cases, the P-values used in the plot are meta-analyzed two-tailed P-values. Only hcSNPs found in at least three populations (or two for longevity, number of children, and age at last child) were included. Observed association statistics along the y-axis are plotted against the expected association statistics under the null hypothesis of no association along the x-axis. Under the null, the points should fall within the shaded area (representing the 95% confidence interval). In general, the evidence of association for most hcSNPs analyzed and for most traits is distributed randomly, as seen by their falling within the 95% confidence interval around the dashed line representing the null distribution. The sole exceptions are the few hcSNPs associated with BMI and with height. Note, however, that the lack of association for most reproductive traits likely reflects the lack of alleles with strong effects and lack of power in our analysis (Table 1) .
Although the association to BMI for rs10818872 did not survive Bonferroni correction for testing a total of 19 SNPs between the two traits in replication, a SNP in the same locus and in high linkage disequilibrium (LD) with rs10818872 (r 2 = 0.826) was recently shown to be associated with polycystic ovary syndrome , suggesting that variants within nUCEs may indeed affect reproductive fitness.
Of the nine height hcSNPs, four SNPs reached a onetailed P , 0.05 (Table 3) , including one SNP near a previously identified locus, NPPC (Gudbjartsson et al. 2008; Estrada et al. 2009; Lango Allen et al. 2010) . One SNP near another previously identified locus, PXMP3 (Gudbjartsson et al. 2008; Lango Allen et al. 2010) , just missed the nominal significance threshold. Outside of previously identified loci, the hcSNP with the most significant P-value in the replication data set was rs3846984 (one-tailed P = 0.0117), an intronic SNP in AUTS2.
Given the number of SNPs we examined in replication, we observed an 8.4-fold enrichment of SNPs associated with our traits (8 of 19 SNPs replicated with P , 0.05 when 0.95 SNP was expected). These results are unlikely to be affected by population stratification, as the top 10 principal components of ancestry were used as covariates in our association analysis, and the data from the GIANT consortium were conservatively corrected twice using genomic control (Devlin and Roeder 1999) . Therefore, the enrichment of nominal replication suggests that the excess of association we observed with BMI and height may be an enrichment of true associations rather than residual uncorrected population stratification. The joint evidence of association for these SNPs is given in Table 3 .
Testing for transmission distortion of hcSNPs in family trios
Multiple lines of evidence have shown that ultraconserved elements are under negative selection (Drake et al. 2006; Chen et al. 2007; Katzman et al. 2007; Sakuraba et al. 2008) , although the strength of the negative selection may be relatively weak and the consequence not immediate, as mice homozygous for a deletion of the UCE showed no overt phenotype (Ahituv et al. 2007) . We approached the same question from a human genetics perspective: If the effects of the derived alleles of hcSNPs are strongly and immediately deleterious and affecting the viability of offspring, then one should expect to observe an undertransmission of the derived allele from parents to offspring. Conversely, if the effects are weakly deleterious or neutral, then no apparent distortion in transmission should be apparent. However, differences in the rates of genotype missingness and error in individuals with homozygous or heterozygous genotypes are known to cause apparent transmission distortions if not properly modeled (Gordon et al. 2001; Mitchell et al. 2003; Hirschhorn and Daly 2005) . Therefore, such technical confounders must be carefully considered when analyzing transmission distortion using genotype data.
Using the 1430 family trios from one of the CARe cohorts, the FHS, we tested for possible distortion in transmission from heterozygous parents to offspring. A total of 440 autosomal hcSNPs showed at least one informative transmission among the trios examined. Overall, the average difference in the transmission of the derived allele to the ancestral allele was consistent with undertransmission of the derived allele, but the difference was not significant (proportion of derived allele transmission = 49.8%; average derived allele to ancestral allele transmission difference = 20.70 per SNP, P = 0.295 by one-tailed paired t-test; Figure  2A ). As the rarest hcSNPs are more likely to be functionally important, we also examined the 43 hcSNPs with DAF # 0.005 in transmission analysis. As a class, these hcSNPs did appear to be more undertransmitted than their common counterparts, although the difference was still not significant (proportion of derived allele transmission = 49.4%; average difference = 20.37 per SNP, P = 0.214; Figure 2B ).
When we stratified our analysis by parent of origin ( Figure S5 ) or by the degree of conservation of the genomic elements ( Figure S6 ), the overall pattern remained the same: The derived alleles display a nonsignificant trend toward undertransmission, although hcSNPs found in elements conserved at 100% showed a nominally significant undertransmission ( Figure S6 ). The general lack of statistical significance could be a result of small sample size. However, we show below that the apparent transmission distortion could arise due to technical artifacts and that the transmission of rare derived alleles of hcSNPs is consistent with no transmission distortion, as would be predicted if the derived alleles of the hcSNPs do not currently exert strong deleterious effects.
Technical explanation of the apparent undertransmissions of rare minor alleles
We noted that the minor alleles of all other rare SNPs (MAF # 0.005) on the IBC chip are also significantly undertransmitted as a class, with a similar degree of undertransmission (N = 5180, of which 4267 had at least one informative transmission; proportion of minor allele transmission = 49.1%; average difference = 20.13 per SNP, P = 0.002). These results potentially suggest that the rare minor alleles as a whole are enriched for alleles of functional consequences. However, apparent transmission distortion could also occur if the rates of genotype missingness and/or the rates of genotyping error are different between homozygous and heterozygous genotypes in our data (Gordon et al. 2001; Mitchell et al. 2003; Hirschhorn and Daly 2005) . Since these technical issues are likely more pronounced for SNPs with very low minor allele frequency (Korn et al. 2008) , they could potentially be responsible for the undertransmission of the rare derived or minor alleles in our analysis. Therefore, to determine whether the apparent undertransmission of the rare minor alleles is reflective of true functional consequences or is due to technical artifacts, we estimated, empirically and through simulation, the Table 3 In silico replication of hcSNPs associated with BMI and height, using data from the GIANT consortium 
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The top associated hcSNPs (P , 0.01 in CARe), representing potential novel loci for BMI and height, were examined in silico using data from the GIANT consortium. For each SNP, the derived allele (DA), the derived allele frequency (DAF) in CARe and in GIANT, and the effect of the derived allele (Effect) in both studies are given. The P-value in GIANT is given as a one-tailed P-value to incorporate the direction of effect. The joint-analysis P-value (Joint P) reports the P-value after meta-analyzing CARe and GIANT. Meta-analysis was performed using the standard error method correcting for genomic control inflation factor, l (l = 1.039 and 1.323 for BMI and height, respectively, in CARe, as determined by testing 5100 non-hcSNPs matched by allele frequency). Chr, chromosome.
a SNPs near previously identified loci.
b P-value after applying two rounds of genomic control.
rate of missing genotypes and genotyping error. We then examined whether the observed rate of missingness and errors could produce transmission data consistent with the pattern we observed in the FHS.
To test whether differential rates of genotype missingness are evident in our data, we compared rates of missingness in offspring from different parental mating types (for example, if AB heterozygotes are harder to genotype than AA homozygotes, then AA · AB parents will have higher rates of missingness in their offspring than will AA · AA parents; Materials and Methods). We found that for SNPs with MAF # 0.005, offspring homozygous for the major allele are significantly less likely to be called missing than heterozygous offspring on average (5.1 · 10 24 vs. 0.013, P , 2 · 10 216 ), suggesting that the apparent transmission distortion in our data could at least be partly explained by different rates of genotype missingness between homozygous and heterozygous individuals.
To estimate the rate of genotyping error in the FHS pedigrees, we simulated nuclear family pedigrees with different error models while maintaining the FHS pedigree structure, the allele frequency spectrum, and the estimated rates of missing genotypes (Materials and Methods). We adopted an error model with two parameters (Douglas et al. 2002) : g, the probability of a homozygous genotype incorrectly called as a heterozygote, and h, the probability of a heterozygous genotype incorrectly called as a homozygote. In a grid-like search over possible values of g and h, we conducted 100 simulations for each pair of values and computed Pearson's goodness-of-fit test statistics, comparing the distribution of the simulated number of Mendelian errors to that observed in the FHS (Materials and Methods). For SNPs with MAF # 0.005, the error model that best fitted our observed data is g = 1 · 10 26 and h = 1.5 · 10 23 (Figure 3) , suggesting that the apparent transmission distortion in our data could at least partly be explained by differential rates of genotyping errors between homozygous and heterozygous genotypes.
To assess the degree to which the estimated parameters of genotype missingness and genotyping error could explain the transmission distortion we have observed, we used the same scheme to simulate family trio data, but assumed no transmission distortion for either allele. Assuming no genotyping errors, simulation showed that our estimated differential rates of missing genotype alone would account for 48% of the observed undertransmission of SNPs with MAF # 0.005. Our estimated differential rates of genotyping error would then account for another 10% of the observed undertransmissions (Table 4) . While a small excess of undertransmission of the minor allele remains after accounting for genotype missingness and error, the remaining undertransmission is not significantly different from the null hypothesis of no transmission distortion, as in all models tested Figure 2 Transmission distortion analysis using trio data from the FHS. (A) Distortion in the transmission of the derived alleles of hcSNPs from heterozygous parents to offspring was measured by subtracting the ancestral allele transmissions from the derived allele transmission for each SNP. Under the null hypothesis of no distortion in transmission, the mean difference should be 0. In the FHS, we observed that the derived allele on average trends nonsignificantly toward undertransmission: Average proportion of derived allele transmission (derived allele transmissions/total transmissions) = 49.8%, mean difference = 20.70 per SNP, P = 0.295. (B) When SNPs were stratified into deciles by derived allele frequency (DAF), the average proportion of transmission appears to be ,50% for SNPs with lower DAFs, but remains insignificant (mean difference = 20.386 per SNP, P = 0.201 for SNPs with DAF # 0.005). Error bars reflect the standard error in the proportion of derived allele transmissions within the decile. At each pair of values of g (the probability of a homozygous genotype incorrectly called as a heterozygote) and h (the probability of a heterozygous genotype incorrectly called as a homozygote), genotypes at 5180 sites were simulated for 1430 trios while incorporating the genotyping error rate and the estimated rate of missing genotype and maintaining the nuclear family structure and allele-frequency spectrum as observed in the FHS (Materials and Methods). One hundred simulations were conducted at each pair of g and h, and the fit was assessed by Pearson's goodness-of-fit test according to the distribution of Mendelian errors among simulated SNPs and that of the observed data in the FHS. The median of Pearson's x 2 -statistics among the 100 simulations is plotted as the contour; the minimum (representing the best fit) occurred at (g, h) = (1 · 10 26 , 1.5 · 10 23 ) and (0, 1.75 · 10 23 ).
.5% of the simulated pedigrees would show an equal or greater extent of undertransmission than that observed in the FHS (Table 4) .
Given the estimated rates of missing genotypes and of genotyping error for rare SNPs on the IBC chip, we also estimated the strength of selection on the rare hcSNPs most consistent with our observed data. We simulated family trio data for genotypes at 49 rare hcSNPs (DAF # 0.005), but assumed differing degrees of transmission distortion corresponding to different levels of the strength of selection experienced by the rare derived alleles (see Materials and Methods). Using this approach, the maximum-likelihood estimate of the selection coefficient was 20.004 ( Figure S7) . However, this estimate should be considered preliminary as the range of the estimated selection coefficients was not significantly different from zero due to the small number of SNPs available for the analysis.
In summary, we showed that the apparent undertransmission of derived alleles of rare hcSNPs and minor alleles of rare SNPs in general can be largely explained by the difficulties in genotyping rare SNPs. Consistent with the observation that mice homozygous for deletion of ultraconserved elements appeared to be phenotypically normal (Ahituv et al. 2007) , our observation suggests that any effects of the derived allele may not be immediately and largely deleterious in the next generation to cause strong transmission distortion. Moreover, our analysis demonstrates the need to carefully model the differential rates of genotype missingness and error when analyzing genotyping data of SNPs with extremely low minor allele frequency.
Discussion
The origin and evolution of the ultra-and near-ultraconserved elements have presented a mystery. Their extreme conservation reflects functional constraints, rather than mutational coldspots (Drake et al. 2006; Chen et al. 2007; Katzman et al. 2007; Sakuraba et al. 2008 ). Yet, paradoxically, these elements have produced no detectable phenotypes when deleted in mice (Ahituv et al. 2007) . In the present study, we conducted, to our knowledge, the first large-scale genome-wide screen involving SNPs in extremely highly conserved elements spanning across the genome. We observed an excess of hcSNPs nominally associated with BMI and height. Using data based on .100,000 additional individuals, we replicated 8 of the top 19 SNPs at a nominal significance level, when ,1 such SNP is expected. The top novel association was an intronic hcSNP in DENND1A for association with BMI (joint P = 9.66 · 10 25 , Table 3 ). Interestingly, a SNP in the same locus and in high LD with the hcSNP assayed here was recently shown to be associated with polycystic ovary syndrome . DENND1A encodes a domain that can bind to ERAP1, whose serum level has been reported to be associated with polycystic ovary syndrome accompanied by obesity (Del Villar and Miller 2004; Olszanecka-Glinianowicz et al. 2007) . This result suggests that we may be detecting a signal due to a trait that is correlated with BMI and that variants within nUCEs may indeed result in phenotypes with reproductive consequences.
Aside from BMI and height, the other traits examined in our analysis generally showed a null distribution of the association statistics ( Figure 1, Table 2 ). These traits include reproductive traits, which have generally been shown to be heritable in human populations (Peccei 2001; Pluzhnikov et al. 2007; Kosova et al. 2010a) . A combination of a lack of large (or any) effects due to the hcSNPs and reduced power due to smaller sample size or uncontrolled nongenetic factors for these traits may explain our null results. Potentially, one could include measures of male fertility to increase sample size [e.g., measure birth rate as number of births per year of marriage (Kosova et al. 2010b) ], although in our case we do not have detailed information regarding the number of years of marriage. Note that our results should not be interpreted as variants in highly conserved elements having no effect on reproductive fitness. In fact, the hcSNP in DENND1A reported to be associated with polycystic ovary syndrome is consistent with hcSNPs affecting reproductive fitness. Therefore, as larger data sets for a variety of reproductive phenotypes become available, consideration of conservation as presented here could become a valuable approach for data mining.
Interestingly, if we relaxed the conservation score threshold slightly for identifying hcSNPs, then two unrelated individuals homozygous for a rare SNP (rs10493810, conservation score = 0.82) in a highly conserved region would now be 1.6 and 4.6 standard deviations above the population mean for age at natural menopause, respectively. Another individual homozygous for a different rare SNP (rs4664775, conservation score = 0.72) would now be 5.4 standard deviations above the population mean for the At each pair of g and h, 100 simulations were conducted in which the genotypes for 5180 rare SNPs (DAF # 0.005) were simulated for 1430 trios, assuming 50% transmission probability for the minor allele. In all cases, a background genotype missing rate of 5.1 · 10 24 for individuals homozygous for the major allele and of 0.013 otherwise was set. x 2 , Pearson's goodness-of-fit statistics for the 100 simulations when compared to the observed data in the FHS; Mean, the average proportion of transmission of the minor allele across 100 simulations; P 5 and P 95 , the 5th and 95th percentiles of the transmission proportion among the 100 simulations, respectively. NA, not applicable. When g = h = 0, only the effect of differential missing genotypes on transmission is considered. For comparison, the proportion of minor allele transmission observed in the FHS is 0.4908. A number of other pairs of g-and h-values near the best-fit values are also given for comparison.
same trait. Because of the increased juvenile dependence specific to humans, it has been suggested that prolonged postmenopausal life span increases reproductive fitness in women by allowing their children or grandchildren to reproduce more frequently and successfully (Peccei 2001; Hawkes 2004; Lahdenpera et al. 2004) . Therefore, our observations here could be consistent with the expectation of rare derived alleles of hcSNPs to lower reproductive fitness by increasing age of natural menopause. Our analyses have demonstrated the potential utility of incorporating information from evolutionary conservation into association studies. However, only if the hcSNPs were themselves causal would it be fruitful to systematically screen highly constrained SNPs for association with phenotypes. Therefore, it is important to demonstrate that the hcSNPs tested here (or another highly constrained SNP in LD) are causal for the association signal. Preliminarily, conditional analysis using 100,000 European-derived individuals in the GIANT consortium (Lango Allen et al. 2010; Speliotes et al. 2010) showed that three of the four hcSNP associations in previously identified loci (footnote a in Table 3 ) remain nominally significant after controlling for the effects of known variants influencing BMI and height (data not shown). This finding supports the notion that hcSNPs are independent from known signals and might be themselves causal.
One potential drawback of our study is the focus on relatively common variation within the highly conserved regions. The derived allele-frequency spectrum for hcSNPs is likely biased toward low frequencies (Drake et al. 2006; Katzman et al. 2007 ) and one would expect variants with important functional consequences, particularly within nearly ultraconserved regions, to be extremely rare in the population. The selection of variants within nUCEs in our analysis was based on polymorphisms in phase 2 of HapMap (Keating et al. 2008) , which is biased toward common variation. Therefore, even though 25% of the hcSNPs examined here have a derived allele frequency ,0.005 in the CARe cohorts, resequencing of the highly conserved regions to generate a complete catalog of rare variations could present a different picture.
Finally, through the analysis of transmission distortion using the trio data in our cohort, we ruled out a large deleterious effect for the derived alleles of the hcSNPs as a class (Figure 2A ). Our preliminary maximum-likelihood estimate of the average selective coefficient, s, is 20.004 for these rare hcSNPs. The range of our estimate is large and not significantly different from zero ( Figure S7 ); more robust analysis will be needed when additional rare variants in the nUCEs are studied in aggregate. This estimate is significantly larger than previous estimates of the strength of selection [on the order of 10 24 (Chen et al. 2007; Katzman et al. 2007) ], although previous studies focused on all variation within the UCEs and we focused only on the rarest hcSNPs detected among thousands of individuals, for which the strength of selection is expected to be greater. Our observation that carriers of rare hcSNPs showed no significant immediate survival disadvantage is thus consistent with mouse knockout models for homozygous deletion of UCEs (Ahituv et al. 2007) .
Just like the association analysis, our transmission analysis here may be influenced by not having sampled all of the rare variants in the highly conserved regions. Moreover, while the genotype data from CARe are of extremely high quality in general , genotype calls at rare SNPs displayed differences in the rates of genotype missingness and error between homozygous and heterozygous genotypes (Figure 3, Table 4 ). Therefore, our observation illustrates that the potential for confounding due to technical artifacts when analyzing extremely rare SNPs is important to consider. With genotyping by sequencing, we may be able to avoid differential genotype calling errors and missingness, at least for regions of high depth of coverage, and draw more robust conclusions concerning the undertransmission of the rare derived alleles and the strength of selection acting on them.
Our results have implications for both studying the function of ultraconserved elements and conducting human association studies. We have shown that the rare derived alleles of highly constrained SNPs are not immediately or strongly deleterious, consistent with previous mouse knockout models (Ahituv et al. 2007) . Moreover, because current genome-wide association studies are burdened with the large number of hypotheses being tested simultaneously, analytical methods to integrate additional historical, demographic, evolutionary, biological, or functional information when mining through GWA data could be important in interpreting association results while maintaining a stringent standard. Indeed, attempts to incorporate expression data have been successful in identifying novel candidate obesity loci (Naukkarinen et al. 2010) . Here, we present an initial attempt to leverage information from an evolutionary standpoint, but it remains to be seen whether focusing on variants in highly conserved regions in a more sophisticated statistical framework will be a generally fruitful approach.
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Study population
The Candidate Gene Association Resource (CARe) established by the National Heart, Lung, and Blood Institute (NHLBI)
is composed of > 40,000 individuals representing 4 ethnic groups in 9 community--based cohorts: the Atherosclerosis Risk in Communities (ARIC) study, the Coronary Artery Risk Development in Young Adults study (CARDIA), the Cleveland Family Study (CFS), the Cardiovascular Health Study (CHS), the Cooperative Study of Sickle Cell Disease (CSSCD), the Framingham Heart Study (FHS), the Jackson Heart Study (JHS), the Multi--Ethnic Study of Atherosclerosis (MESA), and the Sleep Heart Health Study (SHHS) . The six non--patient based cohorts with self--identified European American participants (ARIC, CARDIA, CFS, CHS, FHS, MESA) were used in the present study. Individuals were genotyped with the IBC chip and processed through quality control measures by CARe, as described elsewhere . In general, duplicate individuals, population outliers as determined by principal component analysis, cryptically related individuals in unrelated panels, and poorly genotyped individuals were removed from further analysis.
Phenotype definition
The reproductive traits examined here include age at natural menopause, number of children, age at first child, and age at last child. Descriptive statistics for each of the reproductive traits can be found in Table S2 .
Age at natural menopause was treated as a continuous variable, defined as the age at the last menstrual period, after at least 12 consecutive months of amenorrhea. For the purpose of this study, we only included women with age at natural menopause between 40 and 60 years of age and excluded individuals whose menopause was induced by irradiation, hysterectomy and/or bilateral ovariectomy, or who used hormone replacement therapy before menopause. Residuals for each study were created separately by regressing age at natural menopause by cohort or study center where applicable.
For number of children, female participants who had not yet reached natural menopause or who had hysterectomy or oophrectomy before age 45 were removed. For the remaining women, the number of children was counted for each woman based on the self--reported number of live births. Number of children was analyzed as categorical variable using Poisson regression. Covariates included in the model were age, marital status, birth control use, education level, family income, study site, and the first 10 principal components. As the association statistics appeared to be unstable for low minor allele frequency (MAF) SNPs, we further restricted our analysis to SNPs with MAF > 0.02.
For age at last child, female participants who had not yet reached natural menopause or who had hysterectomy or oophrectomy before age 45 were also removed. If age at last term pregnancy was not reported, the age at last child was calculated based on the difference of the mother's age and the age of the youngest child.
For age at first child, no exclusion based on menopausal status or surgery was applied. If age at first term pregnancy was not reported, the age at first child was calculated based on the difference of the mother's age and the age of the oldest child.
Note that as it is difficult to differentiate biological children from step or adopted children in self--reported surveys, no such distinctions were stringently made but information on biological children were always used if available (FHS and MESA for age at first child; FHS for age at last child).
Age at first and last child were analyzed as continuous variables. Age at first child was log--transformed. Stratified by cohort, multivariate linear regression models were constructed for both phenotypes controlling for birth control pill use, education status, marital status, study site, income status, and age, where applicable. The residuals were normalized to a standard normal distribution. The associations of hcSNPs to these two traits were tested using linear regression, with the top 10 principal components as additional covariates.
The overall fitness traits examined here include longevity, BMI and height.
For longevity, cases (long--lived individuals) were defined as individuals surviving to ≥ 85 years of age at time of death or last contact, and controls (short--lived individuals) were defined as individuals who died ≤ 75 years of age. Longevity was analyzed as a dichotomous trait using logistic regression model, which included gender, study site, and the top 10 principal components as covariates.
For BMI, individuals < 20 years of age were excluded. Stratified by cohort and gender, raw BMI was regressed on age, age 2 , and study site within cohort, if applicable. The residuals were then fit to a standard normal distribution before combining the gender--specific residuals within cohort. BMI was analyzed as continuous trait using linear regression, with the top 10 principal components included as covariates.
For height, we excluded men < 23 years of age and women < 21 years of age, as well as individuals > 85 years of age.
Stratified by cohort and gender, we regressed height on age and study site, when available. Residuals were normalized to a standard normal distribution. Outliers (> 4 SD or < --4 SD) were excluded from the analyses. Height was analyzed as continuous trait using linear regression, with the top 10 principal components included as covariates.
The number of individuals analyzed for each phenotype can be found in Table 1 , organized by each of the CARe cohorts. Figure S1 The conservation scores of hcSNPs. The set of hcSNPs were ranked by the conservation scores calculated as described in the Materials and Methods. For each SNP the exact 95% confidence interval of the conservation score was also calculated using the binom.test function in R, and are shown in the grey bars. Figure S2 Distribution of conservation scores for SNPs and their immediate 3' or 5' neighbors found in the ultra--and near--ultraconserved elements. For each SNP found in ultra--or near--ultraconserved elements (nUCEs; black bars) we used the chimpanzee allele as the reference allele and calculated the conservation score as 1--proportion of bp substitutions found in alignments of 44 vertebrate species (see Materials and Methods). We also calculated the conservation score for the basepair randomly chosen to be immediately 3' or 5' of each SNP (grey bars). SNPs found in nUCEs are much more highly constrained than random SNPs from the genome, matched by allele frequency (data not shown), but the constraints are significantly relaxed relative to the adjacent basepair (P = 1.1x10 --7 by two--sided Wilcoxon signed rank sum test). Figure S3 Derived allele frequency distribution of 533 hcSNPs in our study. The derived allele frequency (DAF) was computed by averaging the DAF across all European--American founders in all cohorts of CARe, weighted by sample size in each cohort. These cohorts include ARIC, CARDIA, CFS, CHS, FHS, and MESA. Note that 9 hcSNPs have a derived allele frequency > 0.9, perhaps reflecting variants that offer an adaptive advantage. However, for the purposes of the present study, these SNPs were neither singled out nor removed from analysis. Results here included SNPs that are monomorphic in all six cohorts examined. Table S1 The distribution of hcSNPs found to be polymorphic in at least one CARe cohort.
Number of cohorts Number of hcSNPs  6  407  5  30  4  25  3  17  2  18  1  14  0 22 Of the 533 hcSNPs successfully genotyped in at least one of the six CARe cohorts (ARIC, CARDIA, CFS, CHS, FHS, and MESA), 22 were monomorphic in all cohorts for which it was successfully genotyped and passed quality control. The remaining 511 hcSNPs formed the basis of all of our analysis. 3234 ----+--Individuals were scored as "0" if they did not carry the derived allele for any of the 122 hcSNPs with rare derived alleles (DAF ≤ 0.005) and scored as "1" if they carried at least one rare derived allele. When the presence of one or more rare derived alleles was tested against the continuous normally--distributed traits (BMI, height, age at natural menopause, age at first child, and age at last child), we observed no associations after meta--analysis, although for age at natural menopause and age at last child the presence of rare variants on average decreased reproductive fitness, albeit not significantly. The "Direction" column reflects, sequentially, the direction of effect for ARIC, CARDIA, CHS, and MESA. "?" indicates that phenotype data were not available in that particular cohort.
